Improved methods for early diagnosis and non-invasive surrogates for the diagnosis of disease severity in Alzheimer's disease (AD) are becoming the new challenge. Dementia can now be accurately determined through clinical evaluation, cognitive screening, basic laboratory evaluation and structural imaging. Magnetic resonance (MRI) techniques are being evaluated as possible surrogate measures to monitor disease progression. The purpose of this work is to correlate the results of combined advanced MR techniques with neuropsychological performance in order to identify a sensible and sensitive imaging approach to quantify neurodegenerative disease progression. One of the most relevant evidences in our study is the degeneration of the fibers of the corpus callosum in the pathogenesis of cognitive disorders in AD patients, as demonstrated by the relationship between altered neuropsychological tests and reduced FA (Fractional Anisotrophy) values of the corpus callosum in such patients. This data is also integrated by the evidence of anatomic reduction of the total volume of the corpus callosum assessed by FreeSurfer, thus supporting the hypothesis that the "brain disconnects" play a key role in the pathogenesis of AD. Statistical evaluation of regression consisting in the identification of different numerical coefficients that are multiplied by the thickness of the right fusiform value or by the volume of left inferoparietal region and left middle-temporal region, allows us to obtain the predictive numeric value of the related neuropsychological test. Combination of non-conventional magnetic resonance imaging, in-E. Giugni et al. 2713 cluding morphometry, spectroscopy, MD (mean diffusivity) and FA evaluation, could be an alternative to clinic in the evaluation of neurodegeneration in AD.
Introduction
In recent years, as a result of the increase in life expectancy, we were witnessing an exponential growth of all chronic and age-related diseases. Among these disorders, dementias are playing an increasing role. Alzheimer's disease (AD), in particular, represents the most common cause of dementia, and it has become a real public health problem with devastating implications for socio-economic impact. AD is typically characterized by impairment of episodic memory in the early stages of the disease, leading to global cognitive impairment with disease progression [1] [2] .
Criteria for the clinical diagnosis of Alzheimer's disease (AD) were established by the National Institute of Neurological and Communicative Disorders and Stroke (NINCDS) and the Alzheimer's Disease and Related Disorders Association (ADRDA) workgroup in 1984 [1] . These criteria require that the presence of cognitive impairment and a suspected dementia syndrome be confirmed by neuropsychological testing for a clinical diagnosis of possible or probable AD; however, they need histopathologic confirmation (microscopic examination of brain tissue) for the definitive diagnosis.
These criteria, universally adopted, have been extremely useful, and have survived intactly for more than a quarter of a century. However, with respect to the clinical spectrum of the disease, in the intervening 27 years, important advances have occurred in our understanding of AD, in our ability to detect the pathophysiological process of AD, and in the conceptualization. New criteria for Alzheimer's disease (AD) have recently been developed by an International Working Group in 2007 [2] [3] and the NIA-AA task force in 2011 [4] . These criteria postulate that biomarkers assessment allows the diagnosis of AD at the predementia stage (as defined through neuropsycological tests) and enhances the accuracy of the differential diagnosis of AD at the dementia stage. Biomarkers assessment includes: Abeta42, tau, and p-tau in the cerebrospinal fluid (CSF), increased cortical uptake of amyloid ligands on PET, posterior cingulate and temporo-parietal hypometabolism on FDG-PET, and medial temporal atrophy on high resolution magnetic resonance (MR). Other biomarkers, useful for the differential diagnosis of AD with Lewy bodies and frontotemporal lobar degeneration, are ioflupane (DaTSCAN) and metaiodobenzylguanidine (123I-MIBG) with SPECT, and serum progranulin [5] . Although criteria should admittedly be used for research, their validation for clinical use would require extensive testing in naturalistic clinical series in multiple memory clinics worldwide. However, several clinical, technical, organizational, and ethical hurdles should be overcome before widespread use in the clinical routine. Despite recent discoveries on the mechanisms and physiopathogenetic, the diagnosis of AD remained a problem of considerable practical importance: currently, in fact, the available diagnostic methods did not allow reaching a definitive diagnosis, with consequent and inevitable problems of choice of treatment, for the neurologist. The role of neuroimaging has been, until now, mostly addressed to rule out other disorders that clinically enter into the differential diagnosis of AD.
The role of diagnostic imaging in the study of dementia is increasingly important because of its increasing role in the field of differential diagnosis through the development of non-conventional MRI techniques, such as morphometric studies [6] - [14] , spectroscopy [15] - [19] , and functional MRI [20] - [22] , able to quantify the brain ultrastructure, metabolism and connectivity.
In the study of dementias, in fact, the techniques of neuroimaging, in addition to their known role in the differential diagnosis, could play an important role in preclinical or early diagnosis and for quantification of disease progression and therapeutic efficacy [23] .
As it is known, the differential diagnosis between primary and secondary dementia can be achieved through conventional techniques. However, these neuroimaging techniques, based only on morphological data, do not allow distinguishing the different primitive neurodegenerative diseases, because of poor specificity. The quanti-fication of disease progression and therapeutic efficacy is an ambitious goal far from being achieved. MRI is the gold standard system of neuroimaging for the study of the CNS and the dementias.
For the morphological study of the brain, it is possible to distinguish between conventional and unconventional MRI; the latter requires further processing, not commonly performed in clinical routine.
The advantages of non-conventional MRI techniques in the study of AD can be: 1) to assess early signs of neuronal degeneration by observing the early alterations, biochemical and microstructural analysis by metabolic and tensor;
2) to control changes in connectivity of cortical areas; 3) to quantify the cortical and subcortical degeneration, using combined techniques of imaging postprocessing; 4) to evaluate the effect of drug treatments on the parameters of MRI correlation with clinical response and quantification of these effects.
Purpose of this study was to identify valid and effective techniques for the quantification of neuronal degeneration through non-conventional MRI and through aggregate values derived from these same methods which would allow obtaining more sensitive indices in detecting early degeneration with important therapeutic implications.
Materials and Methods
This study started off in 2010 with the collaboration of the Faculty of Medicine and Psychology, "Sapienza" University of Rome, the European Biomedical Foundation, San Camillo Hospital, Forlanini Foundation, Saint Lucia Foundation and Mondino National Neurological Institute. The supervision of colleagues from the Neuroimaging Section of the University of Szeged, Hungary, was critical in carrying out this study. Protol study was approved by EC of Pavia's IRCCS Mondino National Neurological Institute. The study was divided into several phases. At enrolment, during a neurological examination, patients underwent neuropsychological assessment followed by an MRI examination with both conventional and unconventional sequences. Subsequently, the MRI sequences were post processed and statistical analysis of the data carried out.
All participants signed an informed consent before the study. Each subject was assigned an identification serial number, in accordance with the Privacy Act.
For recruitment in continuous series, all patients reached the observation, after a neurological examination, including neurological history and physical examination. They were recorded progressively and evaluated according to the inclusion/exclusion criteria.
Inclusion criteria were: patients suffering from probable AD, according to the NINDS-ADRDA criteria, aged between 50 and 82 years.
Exclusion Criteria were: the presence of severe neurosensory deficits, schooling under 3 years (in accordance with the minimum schooling of European education system for reading and writing comprehension) , the presence of important neuroradiological sign of previous cerebrovascular injury, the presence of serious internal diseases, the lack of compliance that does not ensure complete adherence to the requirements of the protocol for the duration of the study, the presence of history of substance abuse, the presence of factors that contraindicate the execution of an MR exam. We enrolled, in continuing series, 19 patients (9 males and 10 females, mean age 74 ± 8 years, with a range between 50 and 82 years) with probable AD. An overview of the characteristics of the sample is illustrated in Table 1 .
The following procedures were performed during the study: a) neurological examination b) neuropsychological assessment included evaluation of mental status and standardized neuropsychological tests in the Italian population. We used MMSE and Milan Overall Dementia Assessment (MODA) to evaluate global cognitive status, in addition we tested other areas such as: selective attention (Attentional matrices, Visual Search and Attention Test-VSAT) sustained attention (TMT trail making test A and B), short-term memory and long-term auditory-verbal (Rey Auditory Verbal Learning Test, Continuous Visual Memory Test), immediate memory (Digit Span Forward and backward test), the logical-deductive ( Raven matrices), language (phonemicverbal fluency and verbal-semantic fluency Test) and praxies (constructional apraxia test). The scores obtained were normalized based on age and education. c) magnetic resonance examination, performed using an 1.5 Tesla scan (Siemens Healthcare, Erlangen Ger- many, Magnetom Aera, gradients 33 mT/m, 125 T/m/s) with a standard head coil. The scanning parameters were as follows: FOV: 250 mm; array of acquisition: 256 × 256; Thickness of layer: 3 mm; GAP: 0; Acquisition Mode: interlaced; Number of sections: 44 -48. In order to speed the acquisition, it is used a rectangular FOV with a length of the axis of phase encoding FOV = 3/4. To reduce the acquisition time, the length of the echotrain (fast turbo factor) has been optimized. The tomograms were positioned in the axial plane parallel to the line passing from the upper margin of the anterior commissure and the inferior margin of the posterior commissure (AC-PC line, or bi-commissurale). The acquisition volume has extended beyond the cortex to cover the entire brain. The sections were scanned perpendicular to the sagittal plane defined as the plane passing along the superior sagittal sinus, the falx cerebri, the structures of the median line along the fronto-nasal suture (nasion). The following acquisitions were made: Axial T1-weighted; DP-axial T2 -T2 (triple echo) TE: 13-108-148; TR: 3480; Axial DWI-DTI 12 degree TE 118; TR 7400; Axial 3D magnetization prepared Fast Low Angle Shot (MP-RAGE) TE: 2.4 TR: 1730. Multivoxel 1H-MRS studies were performed using a standard head neck coil (8NVHEAD NECK). Triplane T2-weighted images were performed to localize the volumes of interest in regions of gray and white matter with macroscopically normal appearance. 1H-MRS spectroscopy was performed with Chemical Shift Imaging (CSI) SE with TE = 30 ms with suppression of the water signal in correspondence of the hippocampi and semi-oval centers.
The electronic copy of the MRI examinations was filed with the European Biomedical Foundation, Rome. The computer data of MR images in DICOM format were transferred to a workstation present at the same Foundation. The entire work of post-processing of neuroimaging, was carried out at the European Biomedical Foundation, in collaboration with the Neuroimaging Section of the Neurológiai Clinic of the Albert SzentGyörgyi Medical and Pharmaceutical Center, Faculty of General Medicine of the University of Szeged, as regards the analysis of the images in diffusion. For the entire analytical process, was used the same workstation previously mentioned with a Linux operating system Ubuntu (http://www.ubuntu.com/).
Qualitative Analysis of MR Images
Image analysis was performed independently by experienced operators, unaware of the clinical history resulting from the quantitative analysis. The results were recorded on special forms. They assessed the following characteristics:
1. the "noise" of the image signal, on a three-point scale; 2. motion artifacts, on a three-point scale; 3. other artifacts, which have been described and quantified on a three-point scale; 4. the picture quality, on a five-point scale; 5. These other characteristics of the images were evaluated separately for each MR exam: 6. visibility of T2-hyperintense lesions, on a three-point scale;
Post-Processing Analysis of Diffusion MRI
Diffusion data by 12 degree of freedom affine linear registration were corrected for artefacts to the mean of the non diffusion-weighted reference image [24] . Diffusion tensors at each voxel have been adapted by algorithm included in the FMRIB's Diffusion Toolbox (FDT) of FMRIB's Software Library (FSL v. 4.0, www.fmrib.ox.ac.uk/fsl [25] ).
For the whole brain Fractional anisotropy (FA), mean diffusivity (MD), and parallel and perpendicular diffu-sivity to the principal diffusion direction were calculated. Track Based Spatial Statistics (TBSS) method we used in order to reduce the possible errors arising from misalignment of the images [26] .
All subjects' FA data were aligned into a common space using the nonlinear registration tool FNIR, in order to obtain a mean FA image [27] - [29] .
Each subject's aligned FA data was then projected onto a skeleton map and the resulting data fed into voxel-wise cross-subject statistics.
We also performed a region of interest analysis on the white matter regions whose FA values differed significantly between groups in order to investigate possible differences in FA, MD longitudinal and perpendicular diffusivity.
Connectivity of the identified differences in white matter integrity was defined by probabilistic tractography (FMRIB's Diffusion Toolbox, part of FSL: www.fmrib.ox.ac.uk/fsl/fdt/).
For tractography, we create 5000 streamline samples from each seed voxel to build up a connectivity distribution.
Fitting a multi-fiber model to our diffusion data we had traced pathways through regions of fiber crossing [30] .
Post-Processing Analysis of Structural MR Images
The three-dimensional reconstruction of the cortical surface was carried out on the basis of the MPRAGE images using FreeSurfer software [31] . The procedure consisted of the segmentation of the cerebral white matter, in the demarcation of the border between white and gray matter and semi-automatic correction of topological defects resulting from the analysis of the software.
This result was then used as a starting point for analyzing the surface of the areas of white matter, gray and the pial surface with sub-millimeter accuracy. Parcellization of the various regions of interest was also obtained. For each subject, cortical thickness was analyzed with a grid with 1 mm of space between the two hemispheres. The measures of cortical thickness were mapped on the image obtained from the three-dimensional reconstruction of the brain of each subject. All images were compared with a reference surface using an averaging technique high resolution, based on the surface. The RI obtained from a standard brain has been mapped on the images relative to each participant, using a procedure morphological high spherical size to find the homologous regions in the various subjects. Finally, the volume and the average thickness of the cortical gray matter were analyzed in each region of interest. Cortical thickness was, therefore, rounded in the order of magnitude of 1 mm to reduce the effect arising from local variations.
For each patient, information about volume, surface area and cortical thickness, with respect to the different anatomic regions, has been obtained
Post-Processing Analysis of MRI Spectroscopy
The investigation of MR spectroscopy was conducted for the temporal, parietal and frontal lobes. The metabolites taken into consideration were the N-acetylaspartate (NAA), choline (Cho) and creatine (Cr).
The volume of interest of the multivoxel section was 10 (anterior to posterior) × 8 (left to right) × 2 cm (length) and it was performed in two different anatomical regions: the first, most caudal, including temporal and occipital lobe, the second, most cranial, including frontal and parietal regions. For acquiring the multivoxel spectroscopy data H-MVS point resolved spectroscopy pulse sequence (TE = 108 ms; TR = 3480 ms; phase × frequency, 18 × 18) was used. A Siemens dedicated software elaborate automatically a post processing phase using standards corrections.
Metabolite signal intensity in NAA, tCr, Cho, and MI was quantified and subsequently, metabolite ratios (NAA/Cr, Cho/Cr, MI/Cr, and NAA/MI), relative to Cr and MI, was calculated.
The volume of interest of the multivoxel section was 10 (anterior to posterior) × 8 (left to right) × 2 cm (length) and it was performed in two different anatomical regions, the first, most caudal, including temporal and occipital lobe, the second, most cranial, including frontal and parietal regions. H-MVS point resolved spectroscopy (2D PROBE-CSI PRESS) pulse sequence (TE = 108 ms; TR = 3480 ms; phase × frequency, 18 × 18) was used for acquiring the multivoxel spectroscopy data. Water suppression (≥98%) and shimming (linewidth, <10) were automatically achieved using a variable pulse power and optimized relaxation delay scheme. Post-processing, including phase and frequency correction was performed using Siemens dedicated software. Metabolite signal intensity in NAA (2.02 ppm), tCr (3.02 and 3.96 ppm), Cho (3.22 ppm), and MI (3.56 ppm) was quantified and subsequently, metabolite ratios (NAA/Cr, Cho/Cr, MI/Cr, and NAA/MI), relative to Cr and MI, can be calculated.
Statistical Analysis
The DTI data had already partially undergone the process of statistical analysis in the course of their analysis, thanks to the TBSS method. The clinical, neuropsychological and neuroimaging post-processing analysis were subjected to statistical analysis using SPSS 15.0 for Windows, version 15.0.1 (SPSS Inc. 2006). Linear regression was used to estimate the coefficients of the various parameters considered in the determination of the value of cognitive tests (if the coefficient is positive, the relationship is direct; if it is negative, the relationship is inverse). Therefore, a correlation analysis was carried out by calculating the Spearman correlation coefficients (rho). In this study, we calculated the values of rho to assess the relationship between: size of each neuropsychological scale, demographic characteristics of patients; the parameters obtained from the investigation of non-conventional MRI. Each correlation was assessed for statistical significance at P < 0.05. When the value of rho is between 0 and +1.00 it means that a variable increases with the increase of the other; when rho is between 0 and −1.00 it means that a variable increases with the decrease of the other. If rho = 0:00 to 0:40, the correlation between the variables is poor, if rho = 0.40 -0.60 it is fair, if rho = 0.60 -0.80 it is good, if rho = 0.80 -1.00 it is strong.
Results
Statistical analysis showed a selective correlation between FA values measured in the corpus callosum and the scores at the MMSE, TMT-B, phonemic fluency and RAVLT (delayed mode) and a correlation between FA values of fronto-parietal-temporal regions and the right RAVLT (delayed mode). It was possible to directly visualize the statistical results with the graphical interface fslview, as shown in Figures 1-4 .
We achieved these results for the MMSE (Figure 1) ; for the TMT-B (Figure 2) ; for the phonemic fluency test (Figure 3) ; and, therefore, we observed these results for the RAVLT (Figure 4) .
We did not get any statistically significant correlation between the values of MD (mean diffusivity) and scores for all neuropsychological tests. Finally, we performed a correlation statistical analysis of the data obtained from the evaluation of the thickness and regional brain volumes, using FreeSurfer, and the neuropsychological tests scores obtained by the subjects with AD.
We observed significant correlations between the various RAVLT score (immediate mode and delayed), and Raven Progressive Matrices test and thickness of different left cortical areas. However, the most significant result was the direct correlation between the score obtained in the MMSE score and the thickness of the right entorhinal cortex, the thickness of the fusiform and the thickness of the inferior-superior temporal pole (P > 0.01) as shown in Figure 5 .
We obtained the correlation between the ratio of NAA/Cr and Cho/Cr measured in the temporal, parietal and frontal lobes, and scores to neuropsychological tests from patients with AD. It emerged, in particular, that there is a high and significant correlation between some neuropsychological tests and the ratio NAA/Cr in the frontal white matter of the right and left frontal gray matter. Moreover, the same analysis showed a significant correlation between the neuropsychological tests and the Cho/Cr ratio of the mesial occipital gray matter.
A significant result was finally achieved using multi-modal image analysis: in this way, we have, in fact, observeda relationship between the combined value of the FA of the corpus callosum, its volume and MMSE score. Finally, we performed a statistical analysis of regression between the value of cortical thickness and regional brain volumes and neuropsychological tests.
With this statistical evaluation we have identified different numerical coefficients that, multiplied by the thickness value or by the volume value of the cerebral regional, for which there has been a finding of statistical significance, allow us to obtain the predictive numeric value of the related neuropsychological test. In particular, we identified a numerical coefficient predictor of MMSE, MODA, REY DIF and FL.FON in the evaluation of regression that correlates with cortical thickness of the right fusiform; a numerical coefficient predictor of REY DIFF that correlates with the volume of left inferoparietal region, and a numerical coefficient predictor FL.SEM that correlates with the volume of left middle-temporal region.
Discussion
One of the most relevant evidence in our study was that the microstructure of white matter valued TBSS appear to be significantly altered in patients suffering from probable AD.
In particular, the most relevant is the degeneration of the fibers of the corpus callosum in the pathogenesis of cognitive disorders of patients with AD, as demonstrated by the relationship between neuropsychological tests altered and reduced FA values of the corpus callosum of patients with AD. This data is also integrated by the evidence of anatomic reduction of the total volume of the corpus callosum assessed by FreeSurfer.
This "damage" is intimately related mainly to memory interference, verbal and attentional disorders, present in AD. The corpus callosum is the most extensive way of connecting white matter fibers in the brain; the knowledge of its age-related changes and disease is one of the key aspects in order to understand its role in cognitive processes.
Corpus callosum is commonly divided into seven distinct segments, based on the target cortical areas: the orbitofrontal (OF), anterior-frontal (AF), superior-frontal (SF), superior-parietal (SP), posterior parietal (PP), temporal (Temp) and occipital (Occ). The segmentation of the corpus callosum into seven portions, instead of the classic pathologic division into four portions (rostrum, genius, body and splenium) allows a more detailed localization of alterations due to pathological processes.
Based on these findings, we have shown a correlation between the global cognitive performance and global degeneration of the posterior parietal segment of the corpus callosum and a correlation between the overall degeneration of this structure and phonemic functions. From a pathophysiological point of view, these results confirm that different patterns of alteration of the white matter of the corpus callosum are associated with AD. This supports the hypothesis that the "brain disconnects" play a key role in the pathogenesis of AD, contributing to cognitive and memory attentional especially in the initial phase of moderate-AD. The ultrastructural data obtained with the data of diffusion MRI should be added to the anatomical correlation between the volume of the corpus callosum and the score of the MMSE. The most significant data is the correlation between the MMSE and the thickness of the entorhinal cortex, the fusiform gyrus and the temporal pole. The figure shows, in fact, on the one hand, the importance of the role of the MMSE as a screening test of global cognitive impairment, given its significant correlation with the atrophy of the structures primarily affected by the AD and, on the other hand, the value of diagnostic assessment of cortical thickness in MA, precisely because of its correlation with the MMSE score.
In addition to these results for the MMSE, the study showed that the cognitive functions which correlate with the atrophic process appear to be memory and logical-deductive.
To the anatomical damage of the cortical temporo-mesial area, is added the evidence of harm to the metabolic nature, identified by our spectroscopic studies. The ratio NAA/Cr in the right frontal white matter correlates with tests indicating disorders of memory and language and also with the MMSE, index of global cognitive decline.
The same ratio, appeared in the left frontal cortex, is correlated with memory disorders and with global cognitive decline, while the Cho/Cr ratio in the right mesial occipital substance correlated with attentional disorders. As it is known, in AD there is a characteristic and significant decrease of NAA and its parietooccipitale ratio NAA/Cr ratio in the cortex of the left occipital lobe has a sensitivity of 78% and a specificity of 69%, in predicting the development of dementia in subjects suffering from MCI.
Through the regression statistical analysis, structural and functional imaging techniques have been related to neuropsychological tests. Through this statistical evaluation we have identified different numerical coefficients that, multiplied by the thickness value or by the volume value of the cerebral regional for which there has been a finding of statistical significance, allow us to obtain the predictive numeric value of the related neuropsychological test. In particular, we identified a numerical coefficient predictor of MMSE, MODA, REY DIF and FL. FON in the evaluation of regression that correlates with cortical thickness of the right fusiform; a numerical coefficient predictor of REY DIFF that correlates with the volume of left inferoparietal region, and a numerical coefficient predictor FL. SEM that correlates with the volume of left middle-temporal region.
This data allow us to hypothesize a neuropsicological test surrogate role of magnetic resonance imaging in diagnoses and evaluation of disease progression.
It should be added that the measurements obtained from the data of MR are in line with what has been shown also by neuropathological studies in the differential diagnosis between healthy subjects and patients with AD and they contribute substantially to the improvement of diagnosis, compared with the use of just neuropsychological tests.
Conclusions
We can therefore conclude that, by analyzing diffusion data together with structural data, our study has highlighted a correlation between in vivo anatomical and ultrastructural parameters and cognitive parameters.
The combination of different methods of evaluating non-conventional MRI morphometry, spectroscopy, MD and FA provides a useful new approach for assessing the anatomical, metabolic and ultrastructural neurodegenerative processes underlying the AD. Unconventional methods of MRI are now widely available on scanners operating at field strength of 1.5 T; to standardize a protocol with predictive parameters would have a lower cost in relation to the diagnostic possibilities expressed.
It should be stressed that this study has some limitations due to the small size of the sample, the absence of a control sample and, obviously, the absence of a neuropathological confirmation of the diagnosis. However, we believe that further studies should be performed in virtue of the evidence to identify an AD MRI reproducible marker.
